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Abstract 

We study inclusive Xcj production with definite polarizations in polarized proton-proton colli¬ 
sions at y/s = 200 GeV and 500 GeV at RHIC by using non-relativistic QCD (NRQCD) color-octet 
mechanism. We present results of rapidity distribution of XcO, Xci and Xc 2 production with specific 
polarizations in polarized p-p collisions at RHIC within the PHENIX detector acceptance range. 
We also present the corresponding results for the spin asymmetries. 
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I. INTRODUCTION 


RHIC (relativistic heavy ion collider) at BNL studies quark-gluon plasma in heavy-ion 


he spin program at 
J] . The quark-gluon 


collisions and spin structure of the proton in polarized p-p collisions. 

RHIC involves polarized proton collisions at -v/s=200 GeV and 500 GeV 

n 

plasma program involves An-An collisions at y/s=200 GeV [2[. 

Measurements of heavy probes such as J/'0, and Xcj are useful tools to detect quark- 
gluon plasma in heavy ion collisions and to extract polarized gluon distribution function 
inside proton in polarized p-p collisions 3, Hence it is necessary to analyze heavy 
quarkonium production mechanism in polarized p-p collisions at RHIG. Non-relativistic 
QGD (NRQGD) color-octet mechanism j5|,l6| has been successful to study heavy quarkonium 
production at high energy colliders and at hxed target experiments. 

The energy eigenstates of heavy quarkonium bound states \H > in NRQGD are labelled 
by the quantum numbers , with an additional superscript to give the color; (1) for 
singlet and (8) for octet. In the expansion of the Fock states the dominant component in 
S-wave orthoquarkonium is the pure quark-antiquark state >. The state, such as 

> with dynamical gluons contribute with a probability of order where v is the 
typical velocity of the non-relativistic heavy quark (and antiquark), while the other states, 
such as \QQ[^S[^’^^]gg >, \QQ[^ SQ^'^]g > and \QQ[^Dj^’^^]gg > contribute to the probability 
in higher orders in v. In P-wave orthoquarkonia, the dominant states are \QQ[^Pj^'^] > with 
the states having dynamical gluons such as > contribute with a probability of 

order Once the QQ is formed in a color octet state it may emit a soft gluon to transform 
into the color singlet state \QQ^Pf'^] > and become a J/'ip by photon decay. Also the 
QQ pair in a color octet state can emit two long wavelength gluons to become J/'0- These 
low energy interactions are negligible and the non-perturbative matrix elements, labelled by 
the above quantum numbers, can be extracted from experiments or can be calculated using 
lattice held theory. 

NRQGD mechanism for heavy quarkonia production has been very successful in explain¬ 


ing data at hig 


at Tevatron 


energy colliders such as in the p- p co llisions at LHG j?], in the p-p collisions 


ll| , in the e-p collisions at HERA 12| , in the e^-e collisions at LEP 13| and 


also at hxed target experiments 


14j |. The PHENIX data for J /ip production in unpolarized 


p-p collisions can be explained by the NRQGD color octet mechanism 151. 
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In addition to nnpolarized p-p collisions, RHIC offers a wide variety of measnrements 
with respect io J/'ip production. They involve J/iIj production (with and without definite 
polarizations) in nnpolarized p-p, d-Au, Cu-Cu and Au-Au collisions and in polarized p- 
p collisions. The parton fragmentation contribution to heavy quarkonium production will 
be very small at RHIC because the maximum transverse momentum of heavy quarkonium 
that can be measured at the RHIC is around 10 GeV/c. Hence we will neglect the parton 
fragmentation contribution to heavy quarkonium production in our study. We will focus on 
the main contributions to heavy quarkonium production at the RHIC which are from the 
parton fusion processes Q,Q. 


In nnpolarized and polarized partonic collisions, the inclusive heavy quarkonium proc 
tion cross section (summed over quarkonium polarization states) were calculated in 


and 


16 


uc- 

El 

18| respectively. Similarly, the heavy quarkonium production cross sections with 
definite polarizations in nnpolarized partonic collisions were calculated in 19|, l20|. At RHIC, 


the inclusive j/'ip and "0^ production with specific polarizations in polarized p-p collisions 
was studied in the PHENIX detector acceptance range in 2]|. Similarly the double spin 
asymmetries in P-wave charmonium hadroproduction was considered for the first time in 


22| . For earlier studies in the similar direction see 231. 


In this paper we will study Xco, Xa and Xc 2 polarizations in polarized p-p collisions at 
yi=200 GeV and 500 GeV at RHIC, The PHENIX collaboeattons at RHIC will atudy 
Xci and Xc 2 polarizations in polarized p-p collisions at \/s=200 GeV and 500 GeV [3[. 

We will evaluate the partonic level cross sections for the processes qq, gg —>■ Xcj(A) 
in polarized p-p collisions where A is the helicity (polarization) of the heavy quarkonium 
state. Our LO analysis considers only the Xcj{^) production in the forward direction at a 
hnite rapidity. The reason we need these results is that the PHENIX collaboration at the 
RHIG will measure Xcj production with definite polarizations in polarized p-p collisions at 
■s/s = 200 GeV and 500 GeV. Since polarized heavy quarkonium production at the Tevatron 
energy scale 241 is not explained by the NRQGD color-octet mechanism H it will be useful 
to compare our results for XcJ polarizations with the future data at the RHIG. The study 
of polarized heavy quarkonium production in polarized p-p collisions at the RHIG is also 
unique in the sense that it probes the spin transfer processes in perturbative QGD (pQGD). 

Note that the spin projection method is normally used to evaluate the inclusive cross 
section for heavy quarkonium production (summed over polarization states) in parton fusion 
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processes. However, the heavy quarkonium production cross section with specihc polariza¬ 
tion in the hnal state can involve additional matrix elements that do not contribute when 
the polarization is summed. This involves interference terms between partonic processes 
that produce heavy quark-antiquark pairs with different total angular momenta. These in¬ 
terference terms cancel upon summing over polarizations. Such interference terms can be 
calculated by using the helicity decomposition method 19|. For this reason we will use 
the helicity decomposition method to calculate the square of the matrix elements for heavy 
quarkonium production with dehnite helicity in polarized partonic collisions. After evaluat¬ 
ing the partonic level cross sections we will compute the rapidity distributions of the cross 
sections and spin asymmetries of Xco, Xci and Xc2 production with dehnite helicity states 
in polarized p-p collisions at RHIC at ^/s = 200 GeV and 500 GeV within the PHENIX 
detector acceptance ranges. 

The paper is organized as follows. In section II we derive the partonic level cross sections 
for Xcj production with dehnite polarizations in polarized q-q and g-g parton fusion pro¬ 
cesses using the helicity decomposition method within the NRQGD color-octet mechanism. 
In section III we present the results for the diherential rapidity distributions and spin asym¬ 
metries for the XcjW ia the PHENIX detector acceptance range in polarized p-p collisions 
at ^/s = 200 GeV and 500 GeV. We conclude in section IV. 


II. INCLUSIVE Xc PRODUCTION WITH DEFINITE HELICITIES IN POLAR¬ 
IZED PARTONIC COLLISIONS 

In this section we will use the NRQGD color-octet mechanism and derive the square of 
the matrix element for inclusive Xcj production with dehnite helicities in polarized partonic 
fusion processes. We will consider the (polarized) partonic fusion processes qq —)■ XcjW 
and gg —)■ Xcj(A) where A is the helicity of the produced heavy quarkonium state i7(A). The 
helicity A = 0, ±1 correspond to longitudinal and transverse polarization states respectively. 
As mentioned above, we will use the helicity decomposition method within the NRQGD 
color-octet mechanism to calculate these processes where both initial and hnal state particles 
are polarized. 
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A. The qq fusion process 


At the amplitude level the matrix element for the light quark-antiquark (qq) fusion process 
?(^i) + ^(^ 2 ) —t Q{pi) + Q{p 2 ) producing a heavy quark-antiquark (QQ) pair is given by 

Mgg^QQ = ^ h(fc2)7M^“M(A;i)M(pi)7^T“u(p2), (1) 

where = pi + P 2 = ki + is the CM momentum of the pair and pi = P^/2 + Lkq^ 
and P 2 = P^/2 — Lkq^ with g* being their relative momentum in the CM frame and Lj 
is the boost matrix dehned in with both Lorentz and three vector indices. Using the 
non-relativistic heavy quark Pauli spinors and p) we obtain (up to terms linear in q): 

|A-4,-.*Qc5t = ^ y<T‘r“e' if u{hh,T‘v(h) v(k 2 h,T\{h) , (2) 

where m is the mass of the heavy quark. We consider incoming (massless) light quarks and 
antiquarks 

u{ki)u{ki) = i (1 -h hi75) 

v{k2)v{k2) = ^ (1 “ ^ 275 ) 7 m ^2 ( 3 ) 


where the polarized partonic matrix element squared involves the helicity combination 
(-I-, -|-) — (-I-, —) with -1-, — denoting the helicities hi, h 2 of the incoming partons 2l|. Then 
from eqs. (E]) and ((3]) we hnd 


A [2m‘^ninj - • ^ 2 )], 




( 4 ) 


using (^2 • L)i = — (fci ■ L)i = m rti were ni,nj are the components of unit three-vectors 
Ill, 112 which specify the polarizations of the heavy quarks and heavy antiquarks respectively 
in the charmonium bound state. The leading order term in an expansion in q gives 

,4 


A |Mgg^QQ|2 = ^ [uiUj - 7'VT“^'^VT“r/ 

which after averaging over the initial color (by dividing by 9) gives 

,n dvr^a? 


( 5 ) 


A 


qq-^QQ \ 


9 




( 6 ) 


As mentioned in the Appendix B in [19[, the two-component spinor factors can be iden- 
tihed with various heavy quarkonium bound states H{X) with different quantum numbers 
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X^Q Polarization in Unpolarized p-p Collisions at RHIC 

200 GeV 



y 


FIG. 1: Rapidity distribution of XcO production cross section at RHIC in pp collisions at ^/s = 
200 GeV. 

as follows 

W = < xV^n(A) i’h > = ^m< O^C^o) > , 

W > = ^Ul^Ujxm < O^^Si) > , 

W ^ < xV*T>P^,(a) ^V^T“x > = ^^U.Am < 0^{^S,) > , 

= < x^(-^P™)crVUr/(A) ^^(-|P")a^X > 

= AUlU,xS^^m<O^CP,)>, 

Arn^ q^q^rj'^a^T^i'i^a^T^r] = < xK~D'^)a^T^'4) Ph{X)' ip\~D^)a^T^x > 

= AUlU,x5^^m<0^{^P,) > (7) 

where 

T.u^Px = 1 
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X^Q Polarization in Polarized p-p Collisions at RHIC 
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FIG. 2: Rapidity distribution of XcO production cross section at RHIC in polarized pp collisions 
at ^/s = 200 GeV. 

= ( 8 ) 

i 

where n* is along the z-direction. Using the above equations we hnally obtain 

|1 - < 0«(^S,) > . (9) 

The polarized quark-antiquark fusion process cross section for Xc(A) production is given by 

- 4m2) ^ [1 - '^Ao] < On^S,) > (10) 

which vanishes for A = 0. 

B. The gg fusion process 

At the amplitude level the matrix element for the gluon fusion process g{ki) + g{k 2 ) 
Q{Pi) + Q{P 2 ) after including s, t, and u channel Feynman diagrams is given by 

v»^<3Q = - j" + ^d'^r) 5“" + '^r'^r c'"'|, (11) 
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X^Q Polarization in Unpolarized p-p Collisions at RHIC 
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FIG. 3: Rapidity distribution of XcO production cross section at RHIC in pp collisions at ^/s = 
500 GeV. 


where 


and 


2pi ■ ki 2pi ■ /C2 

7^ + m) Y Y (Y - ^2 + Y 


( 12 ) 


= Ypi)[ 


2pi ■ h 


2pi ■ k2 


+ ^ ^2, -^1 - ^ 2 ) 7A]^'(P2) 


(13) 


where the three gluon vertex is denoted by ^2, h) = [(^1 - ^ 2 ) V'" + {h 

hYY^ + {k^-kifg^Y 

From the identities among the spinors and boost matrices from the appendix A of 
we hnd 

•'■"177 * IS'*’ ■ w, 

^ {L • kY _ p,^u p _ (fc, - k2rL>;] qyYy 


(L-hh 

m? 


_ p^p<.| _ 


m 


(14) 
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X^Q Polarization in Polarized p-p Collisions at RHIC 
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FIG. 4: Rapidity distribution of XcO production cross section at RHIC in polarized pp collisions 
at ^/s = 500 GeV. 

and 


- [P-LJ + pfi^l 

m-i J ■> 

-- [2g^'^{L ■ ki), - (k, - k^YL’; - {k, - k^YLY Yct^V 

TJX 

+ 4 |LJLJ _ L-LJ-] , 


(15) 


Using above equations we find 


= ^{ki - k2)xe^>^^^P,Yv + {P'^K - P^K - ^9^YL ■ k^Y) 


m'^ 


+ - Kq + LIU] + -b(i . A,,) J(l;, _ k2ru, + (fci - *:2)''K|| , (16) 


m ' " ^ ' 77^3' 


and 


• ( 17 ) 
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Polarization in Unpolarized p-p Collisions at RHIC 
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FIG. 5: Rapidity distribution of Xci production cross section at RHIC in pp collisions at ^/s = 
200 GeV. 


The square o: 
written as 251 


gluon polarization vector, for an incoming gluon with a helicity Aj, can be 


4(k,. A,) = i 1-9,. + 1 

Choosing longitudinally polarized gluons and using the relation 


(18) 




(19) 


from appendix A of 19| we hnd that 

,4 


/\\Mgg^QQy = - ^ ■ UrUr' 


4 


^ rcabc^aor r CUi'T T Q^a v i jpab jp^ab j j T T ^ 1 /^0^^ 

X 1^0 O Jj ^pJjypt u Ijp/qlji/fqf D “r -C P Jj ppJjup/ r Jj pt qJji/f q/ r J , 


where 


gab ^ ^ 

6 2 


rt 

Tpab _ _ xabcrpc 

2^ 


( 21 ) 
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Polarization in Polarized p-p Collisions at RHIC 
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FIG. 6: Rapidity distribution of Xci production cross section at RHIC in polarized pp collisions 
at y/s = 200 GeV. 


Using the properties of Lf matrices 19|] and after averaging over the initial color (by 
dividing by 64) we hnd 


AIM 


gg^QQ \ 


q')njnj 


9 




-{n X q')j{n x q)v + 

— ^{n-q){n- q')njnj> — (n x q')j{n x q)ji]ri''^a^'T°'^'a^T'^rj 


27 


8m^ 


{n ■ q){n ■ q')T]'^T‘^^X^T^v] 


( 22 ) 


While for j/xf) and tjj' production the matrix elements < >, < 


C; 


lj/P(P')/3 , 


(^S'l) > and < > are important j2l|, fo r production the matrix 


elements < C)8“°(^S'i) > and < C)M(^-fo) > are important 26|. 

We identify different bound states as given in eq. ([7]) and use eq. ([8]) to obtain 

^3^,2 ^ 


At^OT^xo(A) = -5{s-Am) 


36m^ 2 


(-M-l)<Cf°(''P’o)> 


(23) 
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Polarization in Unpolarized p-p Collisions at RHIC 
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FIG. 7: Rapidity distribution of Xci production cross section at RHIC in pp collisions at ^/s = 
500 GeV. 

and 

1 

= - ^(5 - 4m^) ^ (-5,0 - 1) < > . (24) 

C. The Polarized Proton-Proton Collisions 

Folding eqs. flTOll . fl23|l with parton densities we find the following cross section for Xco(-^) 
in longitndinally polarized proton-proton collisions 

. TT^a^ dxi r.., ^ ^ A r /4m^ ^ , 

Aa(pp^Xco(A)) = lAMxi,2m) AM^,2m) 

1 4777 ^ 

X (5,0 - 1) < 0^‘^°CSi) > + j Afg(xi,2m) Afg{ - ,2m) 

4t Ob'^S 

X ^(l-iw<0?-»fa)>l. (25) 

where Af{x,Q){Ag{x,Q)) denote the polarized qnark (glnon) distribntion fnnctions inside 
the proton at the scale Q. 
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X^j Polarization in Polarized p-p Collisions at RHIC 
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FIG. 8: Rapidity distribution of Xci production cross section at RHIC in polarized pp collisions 
at y/s = 500 GeV. 


Folding eqs. ffTOj) with parton densities we find the following cross section for Xci('^) in 
longitndinally polarized proton-proton collisions 


Act, 




(pp^XciW) 


27 sw? 

X (5,0-1) 


[ 2 ,^ A/5(^,2m) 

A.m^ls Ji\ Xib 


(26) 


Similarly, folding eqs. (m, m with parton densities we find the following cross section 
for Xc 2 (A) in longitndinally polarized proton-proton collisions 

. TT^a't /■! dxi r.., ^ ^ A r /4m^ ^ . 

^ |A/,(x,.2m) A/,-(—.2m) 

1 4t?7 ^ 

X (5,0- 1) < C8""( “S'!) > + — Afg{xi,2m) Afg{ - ,2m) 

15 Xis 

X ;^(l-l«<Or("C,)>], (27) 

The corresponding production cross sections for unpolarized proton-proton collisions are 

Q: 


^(pp^xoW) 


27sm^ 


/ — [/q(^n 2 m) /g( 4 ^, 2 m) 

lAm?/s Xi XiS 
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X ^2 Polarization in Unpolarized p-p Collisions at RHIC 
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FIG. 9: Rapidity distribution of Xc 2 production cross section at RHIC in pp collisions at ^/s = 
200 GeV. 


1 4777 ^ 

X (1-(5ao) < S'!) > + T fg{xi,2m) fg{ - ,2m) 

X 4(l-5'5Ao)<Or(’a)>], (28) 

6 


and 




‘^(PP^-XI(V) 27 Sm^ JAm'^/s Xi 

X (1-5ao) 


/ — [fq{xi,2m) /q(^,2m) 

JAmP'Is X\ X\S 


Ti^ai /-i dxi Am^ 

1 4777^ 

X (1-(5ao) < C8""(^5'i) > + — fg{xi,2m) fg{ - ,2m) 

15 xis 

m^ 6 

The spin asymmetry All{X) is given by the ratio of the above cross sections 

dAa{X) 


x4ll(A) = 


da{X) 


(29) 


(30) 


(31) 
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FIG. 10: Rapidity distribution of Xc 2 production cross section at RHIC in polarized pp collisions 
at y/s = 200 GeV. 

III. RESULTS AND DISCUSSION 


In this section, using the formulae derived above, we compute the LO rapidity distribu¬ 
tions and spin asymmetries for the heavy charmonium systems Xcj in longitudinally polarized 
proton-proton collisions at RHIC. We present the results for the Xco, Xci and Xc 2 production 
with definite polarizations in unpolarized as well as polarized proton-proton collisions at y/s 
= 200 GeV and 500 GeV at RHIG. These results provide interesting information on the 
polarization state of these heavy charmonium states. 

We use the following values for the NRQGD non-perturbative matrix elements. From 
the Fermilab Tevatron, see and [l0|, the central values for XcJ production the non- 
perturbative matrix elements are given by [h| 


< >= 0.0019 GeU^ 


< Of°(3Po) >= 0.089 GeV^ 


(32) 


The non-perturbative matrix elements for Xci and Xc 2 can be obtained by using symmetry 
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FIG. 11: Rapidity distribution of Xc 2 production cross section at RHIC in pp collisions at y/s = 
500 GeV. 


as follows 

< >= (2J + 1) < >, < Of ^(^Pj) >= (2J + 1) < C>f°(^Po) > . 

(33) 


A. Rapidity Distribution of Xcj Cross Sections at RHIC 


We will present our results in the rapidity range —3 < y < 3. This covers the central 
arm (forward arm) electron (muon) detector at the PHENIX experiment for the Xcj rapidity 
range —0.5 < y < 0.5 (1 < \y\ < 2). We will present our differential rapidity distributions 
and spin asymmetries for Xcj production with helicities A = 1 and 0 in unpolarized and 
polarized p-p collisions at y/s = 200 GeV and 500 GeV in the above detector acceptance 
ranges. 

We take the charm quark mass m=1.5 GeV and the mass factorization scale equal to 2m. 
Several groups have produced polarized parton density sets [29|,[30|] and [3]|. We choose 
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FIG. 12: Rapidity distribution of Xc2 production cross section at RHIC in polarized pp collisions 
at y/s = 500 GeV. 


the GRV unpolarized LO parton densities [32(] and the GRSV [30|] polarized densities. The 
latter authors have a standard scenario and a valence scenario. For simplicity we choose the 
former. Therefore we always use the LO four flavour sets (for the u, d, s and g partons) and 
we set n/ = 4 in the one-loop running coupling constant and the parton densities. For both 
parton density sets we use = 175 MeV, so that = 0.121 at the mass of the Z. 

In Fig. 1 we present the rapidity differential distributions for Xco production in unpolar¬ 
ized p-p collisions at y/s = 200 GeV. The solid and dashed lines correspond to A=1 and 0 
respectively. Note that for A=0 the cross section becomes small because the color octet con¬ 
tribution from the quark-antiquark process at LO vanishes, see eq. fl28|l . The color singlet 
contribution is from gluon fusion process at LO, see eq. fl28l) . 

In Fig. 2 we present the rapidity differential distributions for Xco production in polarized 
p-p collisions at y/s = 200 GeV. The solid and dashed lines correspond to A=1 and 0 
respectively. Note that for A=0 the cross section becomes small because the color octet 
contribution from the quark-antiquark process at LO vanishes, see eq. ffTOj) . The color 
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singlet contribution is from gluon fusion process at LO, see eq. (j25]). 

In Fig. 3 we present the rapidity differential distributions for Xco production in unpolar¬ 
ized p-p collisions at ^/s = 500 GeV. The solid and dashed lines correspond to A=1 and 0 
respectively. We hnd that the cross section for Xco production in unpolarized p-p collisions 
at \/i=500 GeV is larger than that at \/s=200 GeV. This is due to the enhancement of 
parton distribution function. 

In Fig. 4 we present the rapidity differential distributions for Xco production in polarized 
p-p collisions at s/s = 500 GeV. The solid and dashed lines correspond to A=1 and 0 
respectively. We hnd that the cross section for Xco production in polarized p-p collisions 
at \/s=500 GeV is smaller than that at v^=200 GeV. This is due to the polarized parton 
distribution function. 

Polarization in Polarized p-p Collisions at RHIC 


Longitudinal Spin Asymmetry 



FIG. 13: Rapidity distribution of longitudinal spin asymmetry All of XcO production at RHIC 
in polarized pp collisions. 

In Fig. 5 we present the rapidity differential distributions for Xci production in unpolar¬ 
ized p-p collisions at y/s = 200 GeV. Note that the shape of the curve is different than that 
from Xco production because the contribution to Xci production is from quark-antiquark fu- 
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sion process via color octet mechanism. At LO the gluon fusion process in the color singlet 
channel does not contribute to the Xci production, see eq. fl2^ . 

In Fig. 6 we present the rapidity differential distributions for Xci production in polarized 
p-p collisions at y/s = 200 GeV. In case of Xci production the A=1 contributes because for 
A=0 the cross section in eq. flTOl) in polarized p-p collisions vanishes. At LO the gluon fusion 
process in the color singlet channel does not contribute to the Xci production in polarized 
p-p collisions, see eq. fl26|l . 

Polarization in Polarized p-p Collisions at RHIC 


Longitudinal Spin Asymmetry, A.=l 
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FIG. 14: Rapidity distribution of longitudinal spin asymmetry of Xci production at RHIC 
in polarized pp collisions. 

In Fig. 7 we present the rapidity differential distributions for Xci production in unpolar¬ 
ized p-p collisions at \/s = 500 GeV. We hnd that the cross section for Xci production in 
unpolarized p-p collisions at v^=500 GeV is larger than that at v^=200 GeV. This is due 
to the enhancement of parton distribution function. 

In Fig. 8 we present the rapidity differential distributions for Xci production in polarized 
p-p collisions at y/s = 500 GeV. Note that the values in some rapidity ranges become negative 
which is due to the polarized quark distribution function at this center of mass energy. We 
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find that the cross section for Xci production in polarized p-p collisions at -y/s=500 GeV is 
smaller than that at y^=200 GeV. This is due to the polarized parton distribution function. 

In Fig. 9 we present the rapidity differential distributions for Xc 2 production in unpolar¬ 
ized p-p collisions at y/s = 200 GeV. The solid and dashed lines correspond to A=1 and 0 
respectively. Note that for A=0 the cross section becomes small because the color octet con¬ 
tribution vanishes, see eq. fl30|) . The color singlet contribution is from gluon fusion process 
at LO, see eq. fl30|) . 

In Fig. 10 we present the rapidity differential distributions for Xc 2 production in polarized 
p-p collisions at y/s = 200 GeV. The solid and dashed lines correspond to A=1 and 0 
respectively. For A=0 the cross section becomes small because the color octet contribution 
vanishes, see eq. (ITOll . The color singlet contribution is from gluon fusion process at LO, 
see eq. ([27j). 

In Fig. 11 we present the rapidity differential distributions for Xc 2 production in unpo¬ 
larized p-p collisions at = 500 GeV. The solid and dashed lines correspond to A=1 and 0 
respectively. We hnd that the cross section for Xc 2 production in unpolarized p-p collisions 
at y^=500 GeV is larger than that at y^=200 GeV. This is due to the enhancement of 
parton distribution function. 

In Fig. 12 we present the rapidity differential distributions for Xc 2 production in polarized 
p-p collisions at y/s = 500 GeV. The solid and dashed lines correspond to A=1 and 0 
respectively. We hnd that the cross section for Xc 2 production in polarized p-p collisions 
at v^=500 GeV is smaller than that at y^=200 GeV. This is due to the polarized parton 
distribution function. 

B. Spin Asymmetry of Xc at RHIC 

In Fig. 13 we present the rapidity distributions of the longitudinal spin asymmetry 
for Xco production in polarized p-p collisions at RHIG. The solid line is for y^=200 GeV 
polarized pp collisions and the dashed line is for ^^5=500 GeV polarized pp collisions. Note 
that the spin asymmetry is decreased for higher energies. The spin asymmetry for Xco 
production is almost same for A=1 and 0. 

In Fig. 14 we present the rapidity distributions of the longitudinal spin asymmetry 
for Xci production in polarized p-p collisions at RHIG. The solid line is for y^=200 GeV 
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FIG. 15: Rapidity distribution of longitudinal spin asymmetry All of Xc2 production at RHIC 
in polarized pp collisions. 

polarized pp collisions and the dashed line is for i/s=500 GeV polarized pp collisions. Note 
that the spin asymmetry is decreased for higher energies. The spin asymmetry for Xci is 
for A=1 which at LO arises from the color octet contribntion from qnark-antiqnark fusion 
processes, see eq. oa. For y^=500 GeV the spin asymmetry becomes negative in the 
rapidity range ?/ ~ 0 which is due to the polarized quark distribution function at this center 
of mass energy. 

In Fig. 15 we present the rapidity distributions of the longitudinal spin asymmetry All 
for Xc 2 production in polarized p-p collisions at RHIG. The solid line is for y^=200 GeV 
polarized pp collisions and the dashed line is for i/s=500 GeV polarized pp collisions. Note 
that the longitudinal spin asymmetry is decreased for higher energies. The spin asymmetry 
of Xc 2 production is almost same for A=1 and 0. 

One can see from the above hgures that the cross sections for the A = ±1 states dominate 
over the A=0 states. This is explained by the fact that the coefficient in front of the 
< > term in eqn. ffTOj) in the color octet channel vanishes for A = 0. However, 
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the longitudinal spin asymmetry remains almost same for A=1 and A=0. 

Measurement of Xcj(A) polarizations with helicities A = ± 1 and A=0 in polarized p-p 
collisions at RHIC at the PHENIX detector can be useful to test the spin transfer process 
in pQCD. This will also be useful to extract polarized gluon distribution function inside 
proton. 


IV. CONCLUSIONS 


We have studied inclusive Xcj production with dehnite polarizations in polarized proton- 
proton collisions at \/s = 200 GeV and 500 GeV at RHIG by using non-relativistic QGD 
(NRQGD) color-octet mechanism. We have presented results of rapidity distribution of Xco, 
Xci and Xc 2 production with specihc polarizations in polarized p-p collisions at RHIG within 
the PHENIX detector acceptance range. We have also presented the corresponding results 
for the spin asymmetries. 

The PHENIX experiment should be able to measure these spin asymmetries of Xcj pro¬ 
duction. The study of heavy quarkonium production with dehnite helicities in polarized 
p-p collisions is unique because it tests the spin transfer processes in perturbative QGD. As 
Tevatron data for heavy quarkonium polarization 2^ is not explained by the color octet 
mechanism j^|, the RHIG data may shed some light along this direction. 

The measurement of heavy quarkonium production with dehnite polarization would also 
provide important information about quark-gluon plasma formation at RHIG and LHG. 
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